Abstract the first and second years of development. Several heat-stable proteins and some of the proteins associDevelopment of yellow cedar seeds is completed by ated with late development continued to be syntheabout 17-21 months after pollination. Following dissized after seed shedding and in 13 d moist-chilled persal from the parent plant, the seeds exhibit a low mature seeds. However, this did not include the major capacity for germination and typically require an addidehydrin-like protein of yellow cedar seeds. Further, tional year to meet their moist chilling requirements the continued synthesis of heat-stable proteins does and break dormancy. Biochemical analyses were not appear to be a factor preventing the germination undertaken in order to address whether seed dormof yellow cedar seeds following dispersal from the ancy is imposed and maintained because the embryo parent plant; rather, the mechanism of dormancy is or megagametophyte is immature at the time of seed primarily coat-imposed. shedding and hence requires time to complete developmental events before dormancy can be terminated.
Introduction proteins and Western blot analyses showed that the greatest increase in protein reserve synthesis and
The natural range of yellow cedar (Chamaecyparis nootkaaccumulation occurred between the first and second tensis [D. Don] Spach) extends along the Pacific years of development; deposition of soluble and insolNorthwest northward along the coast of Alaska, where uble storage protein was largely completed in seeds it occurs at high elevations. Its reproductive cycle extends of second-year cones by August, 2-3 months prior to over 28 months from cone initiation to the completion seed dispersal. The period associated with greatest of maturation; from pollination, cones and seed take accumulation of storage proteins was accompanied by between 1.5 and 2 years to mature depending upon the an increased accumulation of two ER-resident proteins elevation and environmental factors such as temperature (reviewed in Owens and Molder, 1984) . In its natural associated with post-translational maturation of storage proteins (binding protein and protein disulphide range (and also when grown in seed orchards established at lower elevations), yellow cedar is rarely prolific, but isomerase). Accumulation of proteins implicated in the acquisition of desiccation tolerance (dehydrins and the some seed are produced every year. The problem of poor seed production is exacerbated by an inability of seeds to tonoplast intrinsic protein, a-TiP) occurred between germinate as a result of dormancy imposed during develinception and maintenance in yellow cedar seeds, analyses on the embryo and megagametophyte were undertaken opment and the maintenance of a dormant state upon seed dispersal. Only a low percentage of seeds will germinat the biochemical level to include storage protein reserve synthesis and accumulation of markers of late developate the first year after seed dispersal; the remainder need another year to meet their moist chilling requirements mental programmes (dehydrins and the tonoplast intrinsic protein, a-TIP). SDS-PAGE, fluorography and/or and break dormancy (Pawuk, 1993) . During this time, seed numbers can potentially decline dramatically as a Western blot analyses were used to examine accumulation of the major soluble and insoluble storage protein reserves result of consumption by birds and rodents or deterioration caused by fungal attack.
and two ER-resident proteins associated with posttranslational maturation of storage proteins (binding The effects of seed coat and megagametophyte removal on embryo germination suggest that a complex coatprotein, BiP and protein disulphide isomerase, PDI ). The fate of these markers of mid-to late-development was imposed mechanism of dormancy is at least partially responsible for preventing germination of yellow cedar examined at different stages during yellow cedar development and in embryos and megagametophytes at the time seeds following dispersal. Inception of dormancy in embryos occurs at approximately 6 months after pollinaof seed dispersal. Synthesis of heat-stable and dehydrinlike proteins was also examined in embryos of mature tion (Owens and Molder, 1974) at which time the embryo is only partially developed; the embryos are morphoseeds following a 13 d moist chilling period. logically mature around 16 months after pollination. Seeds are then shed around 17-21 months after pollina-
Materials and methods
tion. It has been suggested that the maintenance of dormancy in yellow cedar seeds is not exclusively coat-
Plant material
imposed and is in part a consequence of embryo immaturYellow cedar (Chamaecyparis nootkatensis) cones were collected from TimberWest Seed Orchard in Saanich, BC. Collection ity at the metabolic and physiological levels ( Kurz et al., dates were from July 1996 to November 1996 and included 1994). When isolated embryos of mature seeds are placed first-year and second-year cones (collected in late July and early on water, germination is elicited; however, events associAugust) and second-year cones just prior to seed shed (collected ated with post-germinative growth (i.e. storage protein at the beginning of November). Owing to seed availability (and breakdown and utilization) do not proceed rapidly, a a high incidence of seed abortion in other seedlots) the developmental analyses were conducted exclusively on seedlot property attributed to embryo immaturity ( Kurz et al., 108. Further, the analyses of first-year cones were restricted to 1994). The normal component of stored materials (primthose which contained embryos at the late cotyledonary stages arily protein and lipid ) may not be present in the embryo (stages 5 and 6) ( Kurz et al., 1994) . Immature seeds were at the end of seed development even though the embryo carefully removed from fresh cones and the embryos and itself appears morphologically mature. These stored megagametophytes excised. Typically 10-15 embryos or megagametophytes were pooled for protein analyses then immediately reserves (which accumulate during maturation in both flash frozen in liquid nitrogen and stored at −80°C prior to the embryo and, to a greater extent, within the megagameprotein extraction. For other analyses, the freshly excised tophyte) are critical for successful germination and subembryos and megagametophytes were used immediately. sequent seedling establishment since they provide nitrogen and carbon sources for the seedling during the hetero- ( Kurz et al., 1994) . Thus, the seed may require a proof moist chilling was used because it was important to examine longed moist chilling period in order to accumulate protein syntheses during early imbibition and chilling, rather than near the point of dormancy breakage (i.e. after several sufficient reserves to permit successful germination and months of moist chilling). The protein profiles of embryos and subsequent seedling establishment.
megagametophytes from mature seeds of seedlot 30156 were For most species, another essential process that must identical to those of seedlot 108 used for the developmental be completed during seed maturation is the acquisition analyses, once maturity was obtained. All seed were subjected of desiccation tolerance, a process linked to the synthesis to a 72 h running water imbibition at 23°C prior to surface sterilization. Seeds were surface-sterilized in 10% commercial and accumulation of so-called 'late embryogenesis abund- 1992; Kermode, 1995 Kermode, , 1997 Ingram and Bartels, 1996) . Shed seeds may also require additional time to complete Extraction of soluble and insoluble storage protein fractions these late developmental events.
Embryos and megagametophytes were homogenized at 4°C in 50 mM Na-phosphate buffer (pH 7.5) containing 1 mM PMSF To examine the role of embryo immaturity in dormancy (phenylmethylsulphonyl fluoride) and 10 mM leupeptin (Sigma, antiserum raised against a fusion between the maltose binding protein and the C-terminal portion of tobacco BiP. St Louis, MO) as protease inhibitors. In one extraction procedure, 200 mM NaCl was added to the Na-phosphate Detection of a-TIP in the insoluble protein fraction was achieved with rabbit anti-sera directed against bean a-TIP buffer; in another, no NaCl was added. Grinding was carried out in a ground-glass homogenizer on ice; procedures for (kindly provided by Maarten Chrispeels, UCSD, La Jolla) diluted 1/2000 prior to use. separation into soluble and insoluble protein fractions were essentially as described in Gifford et al. (1982 Gifford et al. ( , 1983 . After Following incubation in the appropriate primary antibody, blots were subjected to an Amplified Alkaline Phosphatase centrifugation of the homogenate (14 000 rpm in an Eppendorf microfuge), the supernatant (containing matrix and other Goat Anti-Rabbit Immun-Blot Assay (Bio-Rad, Mississauga, Ontario) which utilizes a biotinylated goat-anti-rabbit antibody soluble proteins) was removed and boiled (5 min) with an equal volume of gel electrophoresis sample buffer (65 mM TRIS-HCl and a Streptavidin-biotinylated alkaline phosphatase complex. Colour detection was achieved using NBT ( p-nitro-blue tetrazolbuffer [pH 6.8] containing 2% (v/v) SDS and 10% glycerol ). The pellet containing the insoluble proteins was washed three ium chloride) and BCIP (5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt). times with Na-phosphate buffer, resuspended in 65 mM TRISHCl buffer (pH 6.8) containing 2% (v/v) SDS and 10% glycerol, and the proteins solubilized by boiling for 5 min. After
In vivo labelling of proteins and fluorography treatment, the slurry was centrifuged and the supernatant For in vivo labelling of proteins in developing seeds, megagamecontaining water-insoluble (crystalloid ) proteins removed.
tophytes and embryos were isolated from 10-15 seeds and Protein concentrations were determined by the method of placed immediately in small plastic Petri dishes (2.5 cm) that Lowry et al. (1951) using a BioRad protein assay kit (BioRad, contained 1 ml sterile water. Fifty mCi of 35S-Met was added Mississauga, Ontario) and bovine serum albumin (Fraction V ) (5 ml of 1000 Ci mmol−1) (Amersham Canada, Ontario, as a standard.
Canada) and vacuum infiltration was carried out for 1-2 min. Dishes were sealed with parafilm and the embryos or megagameExtraction of heat-stable proteins tophytes incubated for 4 h at room temperature (25°C ) with continuous shaking. Following incubation, the embryos or Heat-stable proteins were extracted from embryos and megagamegagametophytes were rinsed thoroughly with sterile water, metophytes excised from seeds as outlined in Close et al.
blotted dry, immediately flash-frozen in liquid nitrogen and (1993a). Briefly, total soluble proteins were extracted by stored at −80°C prior to protein extraction. Similar procedures grinding tissues in 30 mM TES buffer [N-tris(hydroxymethyl ) were used for in vivo labelling of proteins in embryos of mature methyl-2-amino-ethanesulphonic acid ] pH 8.0, containing seeds following imbibition, with the exception that the incuba-20 mM NaCl and 1 mM PMSF using a ground-glass homotion was carried out with continuous shaking in Eppendorf genizer. This was followed by centrifugation at 14 000 rpm in a tubes containing 40 embryos, 300 mCi of 35S-Met (30 ml of 1000 microcentrifuge for 15 min at 4°C. The supernatants were Ci mmol−1) and 150 ml of sterile water. Mature seeds of seedlot boiled for 10 min, kept on ice and then centrifuged as before.
30156 were subjected to two treatments for these studies; (a) a Protein concentrations in the supernatants were determined by 72 h soak and (b) a 72 h soak and 13 d of moist chilling (4°C ). the method of Bradford (1976) using a Bio-Rad protein assay Following protein extraction, TCA precipitation was carried kit and bovine serum albumin (Fraction V ) as a standard.
out as outlined in Kermode et al. (1989) and total DPM and Aliquots containing equal amounts of heat-stable proteins were TCA-precipitable counts (in DPM ) were determined in 5 ml of precipitated with 4 vols of ice-cold acetone and then resuspended Aquasol scintillant (Amersham Canada, Ontario, Canada) in SDS-PAGE sample buffer (65 mM TRIS-HCl, pH 6.8, 2%
using a Beckman LS-6500 Scintillation counter. SDS-PAGE SDS, 10% glycerol, 0.01% bromophenol blue, and 50 mM was carried out as indicated above and protein extracts were dithiothreitol [DTT ] ). The mixture was heated for 10 min at loaded on an equal counts basis (i.e. each sample contained the 95°C and then cooled prior to fractionation by SDS-PAGE.
same amount of radioactivity in dpm). Gels were stained with 0.1% Coomassie blue and then subjected to fluorography SDS-PAGE and Western blot analyses according to procedures outlined in Kermode et al. (1989) . For stained gels and Western blots, extracts containing equal Dried gels were autoradiographed by exposure to X-omat AR protein were fractionated by SDS-PAGE on 12% gels using a film (Eastman Kodak) at −80°C; exposure time was varied Hoefer Model SE 280 apparatus, according to the method of according to the quantity of radioactivity applied to each gel. Laemmli (1970) . Following electrophoresis, some gels were stained with Coomassie R-250 and destained in 40% methanol plus 10% acetic acid as appropriate. Gels for Western blotting
Results
were electroblotted on to nitrocellulose (using a Bio-Rad TransBlot Semi-Dry Transfer Cell ). Dehydrin-like proteins in the Synthesis and accumulation of the major storage proteins of heat-stable protein fraction were detected with rabbit antiyellow cedar-the water-insoluble 'crystalloid' or legumin dehydrin serum (diluted 1/3000 before use). The anti-dehydrin storage proteins serum was produced from a synthetic polypeptide containing a highly conserved sequence ( KIKEKLPG) (kindly provided by Synthesis and accumulation of insoluble and soluble TJ Close, UC Riverside) (Close et al., 1993a, b) . The prestorage proteins was analysed within the embryo and immune serum was utilized as a control.
Detection of the two ER-resident proteins (PDI and BiP) in megagametophyte during different stages of yellow cedar soluble protein extracts was achieved with rabbit anti-serum seed development to determine whether these develop-(anti-alfalfa PDI serum diluted 1/20 000 and anti-tobacco BiP mental metabolic events were complete at the time of serum diluted 1/3000 before use); the sera were kindly provided seed dispersal. The major storage proteins of yellow cedar by Richard A Dixon (Samuel Roberts Foundation, Inc., OK ) are the water-insoluble (crystalloid ) storage proteins.
and Aldo Ceriotti (Instituto Biosintesi Vegetali, Milano), respectively. The anti-BiP antibody is a rabbit polyclonal
Quantitative analyses showed that this storage protein fraction increased throughout yellow cedar development megagametophyte. The crystalloid proteins resolve into in both the embyro and megagametophyte (Fig. 1A) . Not several bands on 12% gels, which range in molecular mass surprisingly, accumulation was greatest between the first from 60 kDa to 65 kDa; additional high molecular mass and second years of development; little or no accumulabands (above 120 kDa) may represent higher order forms tion occurred at the later stages (in 2nd year cones, of the holoprotein ( Fig. 2B) . The 60-65 kDa proteins are between July ['2nd year'] and November ['shed'] , the reduced by DTT (dithiothreitol ) treatment into two comlatter close to the time of natural seed shed ).
plementary groups ( Fig. 2A) , the acidic and basic polyThe water-insoluble ('crystalloid') storage proteins of peptides, with respective mol masses ranging from yellow cedar belong to the general class of seed storage 30-36 kDa and 22-26 kDa. A comparison of the insoluble proteins referred to as legumins or 11S globulins. The storage protein profiles of the embryo and megagametolegumins are hexamers; each of the six subunits which phyte at the different stages of development reveals the assemble to form the holoprotein are composed of an following: acidic and basic polypeptide joined together by a disulph-(i) There was very little qualitative differences if any, ide linkage (reviewed in Bewley and Black, 1994) . When between the storage proteins accumulated in the the proteins are fractionated by SDS-PAGE under reduembryo versus the megagametophyte ( Fig. 2A, B) . cing conditions (i.e. in the presence of an agent that However, on a quantitative basis, the megagametobreaks disulphide linkages), the six acidic and six basic phyte accumulated more insoluble storage protein polypeptides that make up the protein are detected in the than did the embryo ( Fig. 1A , mg protein per seed approximate 30 kDa and 20 kDa ranges. Figure 2A and part). B shows the SDS-PAGE profiles of the crystalloid proteins accumulated during development within the embryo and
(ii) The insoluble crystalloid proteins were present in Quantitative changes in the insoluble protein fraction (A), the soluble protein fraction (proteins extracted with sodium phosphate buffer containing no salt) (B), the low-salt soluble protein fraction (proteins extracted with sodium phosphate buffer containing 200 mM NaCl ) (C ), and the heatstable soluble protein fraction (D) during seed development. '1st year' refers to protein in seed parts of first-year cones collected in early July and late August of 1996; data are for the embryo and megagametophyte combined. '2nd year' shows protein in the embryo or megagametophyte derived from second-year cones collected in early July and late August of 1996, while 'shed' shows protein in the seed parts derived from secondyear cones collected in November, close to the time of natural seed dispersal or shedding from the parent plant. Data are based on 2-4 determinations, using 15 seed parts (embryos, megagametophytes or embryos and megagametophytes combined). embryos and megagametophytes at the earliest stage A fluorograph showing changes in the profiles of reduced insoluble proteins synthesized in vivo within of development that was studied (those derived from first year cones) ( Figs 1A; 2A, B) . Accumulation of the embryo and megagametophyte at different stages ( Fig. 2C ) shows that the six acidic and six basic polypepthese proteins was greatest between the first and second years of development (Fig. 1A) , but was tides that make up the legumin/crystalloid holoprotein (~30-36 kDa and 22-26 kDa) were most actively synthenegligible in the embryos and megagametophytes of second year cones between July and the time of seed sized in embryos and megagametophytes of first-year seeds (Fig. 2C, Reduced) . The 55-60 kDa polypeptides shed in November.
which were also synthesized at high rates at this time of The quantitative data on protein accumulation development likely represent crystalloid/legumin pre- ( Fig. 1A) and the results from SDS-PAGE suggest that cursors. The embryos of second year seeds (including the embryos and megagametophytes of yellow cedar seeds those collected in July and those collected close to seed (derived from 2nd year cones) have largely completed shed) showed a very similar pattern of protein synthesis protein reserve deposition by late July and early August. and in both, the synthesis of the crystalloid/legumin However, the possibility remained that even at the very precursors and acidic and basic polypeptides declined late stages, just prior to seed shed (in November), the markedly. Thus, some reduced synthesis of insoluble seeds are still synthesizing and accumulating storage proteins occurs during the late stages of seed development; proteins. In order to address this, in vivo labelling of however, this is also typical of seeds that are non-dormant proteins using 35S-Met was carried out. Protein synthetic at maturity ( Kermode et al., 1985) . activity of the embryo and megagametophyte during yellow cedar seed development are shown in Fig. 3 . The
Changes in the buffer-soluble protein fraction: synthesis and data are expressed as DPM per mg protein ( Fig. 3A, C, accumulation of water-soluble storage proteins and two insoluble and soluble protein, respectively) and ER-resident proteins (BiP and PDI) within the embryo DPM×10−2 per seed part ( Fig. 3B, D) . Not surprisingly, and megagametophyte incorporated radioactivity (expressed as DPM per mg of insoluble protein; Fig. 3A ) decreased throughout developIn addition to the water-insoluble (crystalloid) storage proteins, the embryo and megagametophyte also accument, in part as a result of the large amounts of insoluble storage proteins that are stably accumulated by the mulated, to a lesser extent, water-soluble storage proteins (e.g. albumins) and storage proteins soluble in dilute salt embryo and megagametophyte. When protein synthetic activity is expressed on the basis of radioactivity incorporsolutions. This protein fraction is also expected to contain other soluble proteins of the seed, including ated (DPM ) per seed part (Fig. 3B, D) , it is evident that the protein synthetic activity (of the embryo, but not of enzymes that reside within protein bodies. In order to optimize extraction of the aqueous buffer-soluble seed the megagametophyte) was still somewhat high, even at the very late stages of development (i.e. in embryos of proteins, two different protocols were used: (a) a sodium phosphate extraction buffer containing no NaCl and second year cones collected near the time of shed in November).
(b) sodium phosphate buffer to which had been added 200 mM NaCl. Figure 1 (B, C ) and Fig. 4 (A, B) show lated during development within the embryo and megagametophyte showed that reduced polypeptides of 76, changes in the accumulation of the soluble proteins of yellow cedar seeds as well as the differences in the 54-66, 36, 32-34, 23, 14, and <10 kDa are especially prominent (Fig. 4A ). The very low molecular mass efficiency of extraction of the proteins in the presence and absence of NaCl. As with the insoluble protein polypeptides (<10 kDa) likely represent albumin storage proteins. There was increased efficiency of extraction of fraction, the soluble seed proteins increased markedly in amount during development of the embryo and megathe soluble proteins when 200 mM salt was present in the extraction buffer (e.g. polypeptides of~57, 52, 43, gametophyte, particularly between the first and second years of development (Fig. 1B, C ) . No increase in this 28, 23, and <10 kDa were more abundant on the gels of non-reduced proteins) ( Fig. 3B) . As with the insoluble protein fraction was observed during the later stages of development (compare '2nd year' and 'shed' in Fig. 1B, protein fraction, there were no striking qualitative differences in the soluble storage proteins accumulated C ). Addition of NaCl to the extraction buffer, increased the amount of soluble proteins extracted from the seed in the embryo versus the megagametophyte (Fig. 4A,  B ). There were some qualitative differences in soluble parts (embryo and megagametophyte) by about 3-fold ( Fig. 1B, C ) .
proteins (as well as some differences in the abundance of specific proteins) accumulated in the embryos and Comprising part of the buffer-soluble protein fraction are the 2S albumin storage proteins. Vicilin-type storage megagametophytes of first year cones versus those derived from cones collected in the second year ( '2' and proteins, if present, are extracted by buffers containing low or high salt. Vicilin storage proteins are trimers and 'shed', in Fig. 4C ). Changes in the profiles of soluble proteins synthesized tend to be heterogeneous composed of several polypeptides that range considerably in size (reviewed in Bewley in vivo within the embryo and megagametophyte at different stages showed that reduced polypeptides of and Black, 1994), while the albumins are generally very low molecular mass proteins, although exceptions exist.~20-21, 28, 34, and 45 kDa and some higher molecular mass proteins were still being synthesized by the embryo SDS-PAGE profiles of the soluble proteins accumu- , in which samples were loaded on the basis of equal protein (7 mg in 5 ml of sample buffer), soluble proteins were extracted in buffer containing no NaCl or 200 mM NaCl, as indicated. For fluorographs, in which samples were loaded on the basis of equal DPM (15 000 DPM ), extraction of labelled soluble proteins was with buffer containing 200 mM NaCl. Numbers on the right indicate approximate molecular masses in kDa of polypeptides on gels and fluorographs; left-most lanes, molecular mass markers. and megagametophyte at the time of seed shedding involved in the formation of disulphide bridges within and between storage protein polypeptides (Denecke ( Fig. 4D, E ) . However, similar to the synthesis Shorrosh and Dixon, 1991) . Both proteins insoluble storage proteins, the major synthesis of the were detected in yellow cedar (Fig. 5A, B) . The period buffer-soluble storage proteins (including polypeptides associated with the greatest accumulation of storage of~14 and 23 kDa and the albumin storage proteins of proteins in yellow cedar seeds (i.e. between the first and <10 kDa) occurred in the embryos and megagametosecond years of development) was accompanied by an phytes of first year seeds (Fig. 4D , E, soluble protein increased accumulation of BiP; PDI was most abundant reduced ).
in the first year seeds. Western blot analysis was used to examine the accumulation of two ER-resident proteins that play a Accumulation of proteins implicated in desiccation role in the post-translational maturation of storage tolerance proteins-binding protein (BiP), that helps nascent storage proteins fold and assemble within the ER lumen
The above results strongly suggest that the shed seed has largely completed synthesis of the major soluble and and protein disulphide isomerase (PDI ), an enzyme occurred between the first and second years of development in both the embryo and the megagametophyte, with little further accumulation in second year seeds between July and November ( Fig. 6A, ' 2' versus 'shed').
Because dehydrin polypeptides are heat-stable, cytosolic proteins, the heat-stable soluble-protein fraction (which includes dehydrin-like proteins and other heatstable proteins) extracted from yellow cedar embryos and megagametophytes was quantified at different stages ( Fig. 1D) . This protein fraction as a whole increased between the first and second years of development in the embryo and megagametophyte, with little change during the later stages. However, the SDS-PAGE profiles of the heat-stable soluble-protein fraction ( Fig. 6B ) reveal some qualitative changes in this fraction throughout development in the embryo and megagametophyte. In addition, polypeptides in the 21-22 kDa region accumulated in second year seeds between July and November ( Fig. 6B) , dehydrins and therefore Western blot analysis was used to examine dehydrin accumulation. Dehydrin-related proinsoluble storage protein reserves and can be considered teins at~27 kDa and <10 kDa accumulated specifically to be 'biochemically mature' with respect to the developduring the later stages of development and were present mental process of protein reserve deposition. However, in abundance only in second year seeds ( Fig. 6D) . the fluorographs also showed that seeds harvested just Interestingly, similar to several other seeds (reviewed in prior to shedding are still synthesizing specific proteins, Kermode, 1997) , the nature of the dehydrins accumulated some of which may be characteristic of late maturation.
changed during development, and embryos and megaIn addition to reserve accumulation, another process that gametophytes of first year seeds exhibited different must be completed during orthodox seed maturation to dehydrin-like proteins (with mol masses~67 kDa). The ensure successful germination and seedling establishment~4 1 and 61 kDa proteins (also detected in the embryos is the acquisition of desiccation tolerance, a process linked and megagametophytes of first-year seeds) are not authento the synthesis and accumulation of so-called 'late tic dehydrins; these two immunoreactive proteins were embryogenesis abundant' (LEA) proteins and other also detected on control blots using pre-immune serum molecules important for withstanding desiccation. The (data not shown). embryos and megagametophytes of shed seeds may require additional time to complete these late developAre dehydrin-like proteins synthesized in embryos following mental events. Western blot analysis was used to follow moist chilling of mature yellow cedar seeds? the accumulation of proteins that have been implicated Several heat-soluble proteins and some of the proteins in the acquisition of desiccation tolerance in seeds includassociated with late development were predominantly ing: a-TiP, an integral protein of the tonoplast (Johnson synthesized in embryos of second-year seeds (Fig. 6C ) . et al., 1989; Melroy and Herman, 1991; Oliviusson and The profiles of heat-stable proteins synthesized following Hakman, 1995; reviewed in Maurel et al., 1997) and a short period of moist chilling (13 d) of the mature seed dehydrins, a subset of the LEA ('late embryogenesis were also examined (Fig. 7) . For these experiments, abundant') proteins (reviewed in Close, 1996; Ingram and embryos were incubated in 35S-Met after being excised Bartels, 1996; Kermode, 1997) . In most seeds, these from mature seeds that had been subjected to a 3 d proteins generally accumulate during mid-to laterunning water imbibition only ( labelled as '0') or a 3 d development and may play a role in preparing the seed running water imbibition followed by a 13 d moist chilling for maturation drying on the parent plant.
period ( labelled as '13'). Several heat-stable proteins There was very little a-TiP (~26 kDa) in the embryo continued to be synthesized after 3 d of imbibition and and megagametophyte of first year seeds ( Fig. 6A) ; the greatest accumulation of this integral membrane protein 13 d of moist chilling. As compared to the embryos from mature seeds subjected to the 3 d soak only, those cereal grain has been reported (Morris et al., 1991; van Beckum et al., 1993) . However, immunoprecipitation of embryos excised from moist-chilled seeds showed enhanced synthesis of certain heat-soluble polypeptides the in vivo-labelled polypeptides using dehydrin antiserum and comparison between Western blots and autoradio-(e.g. those of~150, 40, 32, 17, and 14 kDa) (compare 0 versus 13 in Fig. 7) . Several proteins continued to be graphed blots revealed that the major (<10 kDa) dehydrin-like proteins of yellow cedar were not among the synthesized to the same extent (e.g. 21-22 kDa proteins), while a few showed decreased synthesis (~23.5 kDa proheat-stable proteins being synthesized in embryos from 3 d imbibed or imbibed and moist-chilled mature seed teins). Prolonged synthesis of ABA-responsive LEA and dehydrin-like proteins following imbibition of dormant (data not shown).
It has been postulated that the mechanism underlying dormancy maintenance in yellow cedar seeds is not exclusively coat-imposed and that another contributing factor is embryo immaturity at the metabolic and physiological levels ( Kurz et al., 1994) . This suggestion was based in part on events following germination of isolated embryos, in which it was observed that post-germinative breakdown of stored reserves proceeds slowly, a property attributed to embryo immaturity. Further, analyses of moisture content and fresh/dry weights during seed development revealed that the moisture content of the embryo is still relatively high (33%) at the time of seed dispersal and dry weight of embryos is still on the increase ( Kurz et al., 1994) .
In this study the hypothesis was tested that seeds of yellow cedar are maintained in a dormant state in part because the embryo or megagametophyte is immature at the time of seed shedding and hence requires additional time to complete developmental syntheses including reserve accumulation and synthesis of late proteins associated with desiccation tolerance. This analysis of storage increase in protein reserve synthesis and accumulation occurred between the first and second years of yellow Discussion cedar seed development, a period also accompanied by an increased accumulation of ER-resident proteins Dormancy inception occurs during yellow cedar seed development; following dispersal from the parent plant, seeds involved in post-translational maturation of storage proteins (BiP, a molecular chaperone aiding in storage are maintained in a state of dormancy, which can be overcome only if seeds receive a prolonged period of moist protein folding and assembly). PDI, which catalyses the formation and isomerization of disulphide bonds in chilling. The causes of dormancy can be various, but most dormancy mechanisms can be classified as being either proteins (e.g. within legumin storage protein subunits) (Denecke et al., 1991; Shorrosh and Dixon, 1991 ; embryo dormancy or coat-imposed dormancy (more accurately referred to as coat-enhanced dormancy) (Bewley and reviewed in Vitale et al., 1993; Kermode, 1996) , was most abundant in first year seeds. Black, 1994; Bewley, 1997) . In the latter category, the seed is dormant only because the tissues enclosing the embryo Similar to the Kurz et al. (1994) study, a relatively high whole seed water content (34%) was found at the exert a constraint that the embryo cannot overcome; in the case of yellow cedar embryos, these tissues include the time of seed shed, but no appreciable change was observed in whole seed dry weight (and dry weight of the embryo megagametophyte, megaspore membrane, nucellus, and seed coat. Mature embryos of yellow cedar seeds which and megagametophyte combined) during late development (data not shown). have been excised from their surrounding seed tissues are able to germinate ( Kurz et al., 1994) , suggesting that the For most species, another essential process that must be completed during seed maturation is the acquisition mechanism of dormancy is, at least in part, coat-imposed. Further, the effects of seed coat and megagametophyte of desiccation tolerance, a process linked to the synthesis and accumulation of so-called 'late embryogenesis abundremoval on germination of embryos suggest that the megagametophyte may be more important for blocking ant' (LEA) proteins and other molecules important for withstanding desiccation (reviewed in Bewley and Oliver, germination (e.g. perhaps by supplying inhibitors such as abscisic acid or by promoting the synthesis of this hormone 1992; Dure, 1993; Kermode, 1995 Kermode, , 1997 Close, 1996; Ingram and Bartels, 1996) . Western blot analyses were in the embryo). The nucellus and megaspore membranes may also play a role, as they are suggested to be the major used to examine the accumulation of proteins implicated in the acquisition of desiccation-tolerance-the cytosolic barriers blocking water uptake (E Tillman-Sutela and A Kauppi, personal communication).
dehydrins and the tonoplast intrinsic protein (a-TIP).
